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Introduction
The copepod Calanus finmarchicus provides an important food source for larval groundfish and pelagic fish on the NW Atlantic continental shelf, where it can constitute 70% or more of the zooplankton biomass. The life cycle is annual over much of its range (Conover, 1988) , which includes the North Atlantic waters north of the Gulf Stream from Georges Bank and the Gulf of Maine in the southwest to the Norwegian Sea and Barents Sea in the northeast. Calanus finmarchicus reproduces before and during the spring phytoplankton bloom (e.g. Norwegian Sea, Niehoff et al., 1999; Labrador Sea, Head et al., 2000; Scotian Shelf, McLaren et al., 2001 ) and the offspring develop in the surface layers in spring/summer. During summer and autumn, most of the new generation migrate downwards, mainly as stage CV pre-adult copepodites, to enter a period of dormancy, often referred to as diapause (e.g. Scotian Shelf, Sameoto and Herman, 1990; McLaren et al., 2001) . On the Scotian Shelf some individuals do not descend, but mature to produce a second generation that contributes to the following year's adult spawning population . Nevertheless, the seasonal descent of most of the population means that C. finmarchicus are largely absent from shelf regions in winter, which must be re-populated in spring from nearby deep waters. The deep waters adjacent to the NW Atlantic continental shelf to the east of the Tail of the Grand Bank comprise the southeasterly flowing western margin of the sub-polar NW Atlantic gyre (Loder et al., 1998, Fig. 1 ). The sub-polar gyre includes the Labrador and Irminger Seas and is bounded on its southern side by the North Atlantic Current. To the west of the Tail of the Bank the waters adjacent to the shelf comprise the westerly flowing northern boundary of a re-circulation gyre, henceforward referred to as the Slope Water gyre. The Slope Water gyre is bounded on its southern side by the north wall of the Gulf Stream, with easterly and westerly limits at the Tail of the Grand Bank and Cape Hatteras, respectively. Wiebe (2001) suggested that these gyres, together with the NE Atlantic Norwegian Sea gyre, form three distinct retention areas and distribution centres for C. finmarchicus overwintering in the N. Atlantic. Head et al. (2003) reported high concentrations of C. finmarchicus in the near surface waters of the Labrador Slope and central Labrador Sea (i.e. the sub-polar gyre) in spring, which included large numbers of overwintered CVs and females , supporting the idea that the sub-polar gyre can provide a springtime source to the Labrador and Newfoundland Shelves. In addition, Head et al. (1999) reported high springtime levels of C. finmarchicus along the central and western Scotian shelf-break, consistent with the idea of a Slope Water gyre source for these regions of the Scotian Shelf.
From the Labrador Shelf to the Gulf of Maine, the NW Atlantic continental shelf is an advective system, with equatorward flow over the shelf and in the slope waters (Loder et al., 1998, Fig. 1) . In spring and summer C. finmarchicus are advected southwards over the shelves in the surface layers, while in autumn and winter southward transport of overwintering C. finmarchicus at depth can occur in the slope waters. Flow around the Tail of the Bank can connect the NW Atlantic sub-polar and Slope Water gyres, although generally much of the flow is deflected to the northeast to join the North Atlantic Current. Zakardjian et al. (2003) developed a biophysical model that supports the idea that the Slope Water gyre may indeed retain overwintering C. finmarchicus exported from the Scotian Shelf and the Laurentian Channel, which can return to the shelf the following season. Speirs et al. (2006) developed a basin-scale biophysical model for C. finmarchicus for the entire North Atlantic, which suggests connectivity throughout the entire domain, although it predicts that advective transport has little effect on the population dynamics of C. finmarchicus within the NW Atlantic sub-polar and Norwegian Sea gyres. These models do, however, show that transport is important for shelf regions and at the limits of the geographic range of C. finmarchicus, and indicate that the population in the Gulf of St. Lawrence is self-sustaining.
Existing reports of overwintering depths of C. finmarchicus in the North Atlantic show that they vary from 300-1 500 m, with most populations west of Iceland occurring in waters of ~4ºC, while most populations east of Iceland occur in waters between -1-2ºC (Halvorsen et al., 2003; Heath et al., 2004) . Off Rockall Bank and in the Norwegian Trench, however, C. finmarchicus dor Sea region (re-drawn from Head and Sameoto, in press, after Loder et al., 1998) . overwinter at 7-8ºC (Heath et al., 2004) and overwintering temperatures of up to 11ºC have been reported for Emerald Basin (on the Scotian Shelf) and west of the British Isles (Kaartvedt, 1996) . Most overwintering C. finmarchicus occur at salinities of ~34.9‰. Heath et al.'s (2004) summary of data from many contributors was rich in observations east of Greenland but provided only a brief summary of data from the Labrador Sea and there were no data from the Northwest Atlantic (Newfoundland to the southern Scotian Shelf).
In this paper we present detailed observations of hydrography and the vertical distribution of C. finmarchicus in autumn and/or winter in the Labrador Sea, the slope waters from the south Labrador Shelf in the north to the western tip of the Scotian Shelf in the south, the Slope Water gyre and the Cabot Strait region. No such observations have been reported before for these regions of the NW Atlantic, which cover ~19 degrees of latitude and ~17 degrees of longitude. Our observations have enabled us to examine the winter-time connectivity of populations among regions, and the importance of different sources to different slope water regions. In addition, we present observations on the distribution of C. finmarchicus on the shelves in 2001 and 2003, which show that the species is not completely dormant in October-December.
Materials and Methods
Sampling was conducted either as part of regional oceanographic surveys coordinated by the Atlantic Zone Monitoring Program (AZMP; Therriault et al., 1998) or as part of directed studies, some of which have been ongoing for many years (e.g. Labrador Sea AR7W line). Samples from AZMP surveys were collected using a multiple net system at the deepest stations of the fixed transects. Other sampling sites, such as those to the West of the Southeast Shoals (SPB, GBL1 and GBL2 lines, Fig. 2 ), were chosen to provide observations for previously under-represented regions. Hydrographic, water and plankton sampling in the autumn was conducted at stations on the Newfoundland Shelf and in the slope waters east of the Tail of the Grand Bank and south of the Labrador Shelf between 15-24 November 2001 (Fig. 2 , Tables 1 and 3 ). Similar sampling in autumn at stations west of the Tail of the Bank (west of the SEGB line), on the Scotian Shelf and in the slope waters, was between 19-31 October 2003. Winter cruises included sampling at stations along a section across the Labrador Sea between 3-9 December 2002 and at stations in the slope waters to the west of the Tail of the Grand Bank between 11-21 December 2003.
Hydrographic measurements and water sampling
Temperature and salinity profiles were collected at all sampling stations using a Seabird Model SBE 25 sensor on cruises in autumn 2003 and winter 2002 and 2003 or a SBE911 sensor in autumn of 2001, mounted on a CTD rosette. Water samples were collected in the 0-100 m depth interval at eight fixed depths (5, 10, 20, 30, 40, 50 75 , 100 m) in autumn 2001 and at nine fixed depths (0, 10, 20, 30, 40, 50, 60, 80 , 100 m) in autumn 2003 and winter 2002. Water samples (100 ml) were filtered on to Whatman GF/F glass fibre filters and chlorophyll concentrations were measured after ~24 h extraction in 90% acetone at -20ºC using a Turner designs fluorometer and the Holm-Hansen et al. (1965) method, except in the case of the autumn 2001 cruise, when the Welshmeyer (1994) method was used.
Zooplankton sampling
Vertically stratified tows were made using a 0.5 × 0.5 m square-mouthed Hydro-bios Multi-net sampler in water depths of >400 m (Fig. 2 Multi-net was deployed vertically and collected samples from up to five depth intervals while being towed upwards. At some stations of >1 000 m depth two separate hauls were performed and up to nine depth intervals were sampled. At a station in Emerald Basin (HL3) only three depth intervals were sampled in a water depth of 270 m (Table 1 ). The volume of water sampled (m 3 ) over each depth interval was estimated as 0.25 m 2 × the towed depth (m). On the continental shelves, zooplankton samples were also collected in vertical ring net hauls between the bottom and the surface, or 1 000 m and the surface for depths >1 000 m, with the net rigged in such a way that it towed only on the way up (Table 2) . Data from these samples were used to provide a perspective of the abundance of C. finmarchicus on and off the continental shelves during the overwintering period. The volume of water sampled (m 3 ) was assumed to be the cross-sectional area of the mouth of the net (m 2 ) × the towed depth (m). Both net systems were fitted with 200 m mesh nets and retrieved at ~1 m s -1 . Zooplankton samples were preserved in 5% buffered formalin for subsequent identification and enumeration.
Results

Areal distributions in autumn (2001, 2003) and winter (2002, 2003) in Multi-net tows
Calanus finmarchicus populations below the surface sampling layer were assumed to be in an overwintering state. At most stations, the surface sampling layer was 0-200 m, but off the Tail of the Grand Bank (SEGB-17) it was 0-300 m, in the Cabot Strait region and at some shallow stations it was 0-100 m, and in Emerald Basin it was 0-50 m (Table 1) . Calanus finmarchicus in slope waters consisted mainly of stage CV copepodites ( Fig. 3 ) although 12-34% of animals were CIV copepodites between Flemish Pass (FC-17) and the Eastern Scotian Slope (ESS) in autumn. In winter the CIV contribution dropped to <10% in these areas. Less than 10% of animals were adults in both autumn and winter.
In autumn, the areal concentrations (number m -2 ) of late stage C. finmarchicus (CIV-CVI) in the subsurface layers (depths >100 or 200 m) were highest at stations in the Cabot Strait region (CSR) and east of the Tail of the Grand Bank (Fig. 4 , Table 3 ). There were moderate concentrations off the Western Scotian Shelf (WSS), and lower concentrations off St. Pierre Bank (SPB) and the ESS. Concentrations of late stages in the surface layers were high only in the CSR. In winter, subsurface concentrations of late stages were highest in the Labrador Sea, on the GBL2 line and in Emerald Basin (Fig. 5 , Table 3 ). Surface layer concentrations were highest on the Western Grand Bank lines (GBL1 and GBL2) and near SPB. Young (CI-CIII) stage C. finmarchicus copepodites were abundant in the surface layers in the CSR in autumn and on GBL2 in winter (Fig. 6 , Table 3 ).
Relationship between CV distributions and hydrographic properties (T and S) in autumn (2001, 2003) and winter (2002, 2003)
Subsurface temperature and salinity ranges varied little to the east of the Tail of the Grand Bank and temperature varied more than salinity in the slope waters farther west. In the CSR there were large changes in both temperature and salinity with depth. High concentrations of CV C. finmarchicus (m -3 ) occurred over a wide range of temperatures and salinities throughout the entire sampling area (Fig. 7) . The highest concentrations were in waters of low (<2ºC, <33.5 PSU) and intermediate (~5ºC, ~35 PSU) average temperature and salinity in the CSR, and in Emerald Basin, where the average temperature and salinity were both high (>9ºC, >35 PSU).
Vertical distributions of CV C. finmarchicus
The Labrador Sea section (winter 2002). The highest concentrations of CVs on the AR7W section across the Labrador Sea in winter 2002 were in the Labrador Slope waters (AR7W-08) at depths >600 m (Fig. 8) . In the western Labrador Sea CV concentrations peaked in the 200-400 m depth interval, with few individuals below 1 000 m. Farther east, larger proportions of CVs were at greater depths, and near the Greenland Shelf (AR7W-24) 70% of the CVs were below 1 000 m. At station AR7W-26 the Multi-net tow was to <600 m and CVs were much less abundant than elsewhere. Water temperatures below 200 m were ~4ºC and uniform with depth in the west (AR7W-08 to AR7W-16) but increased at depths <400 m in the east (AR7W-21, AR7W-24). Salinities below 200 m were relatively uniform. In western and central regions there were appreciable numbers of CVs in the nearsurface layer (0-200 m). Integrated abundances of CVs, omitting AR7W-26, ranged from a low of ~9 000 m -2 at station AR7W-23 to a high of ~20 000 m -2 at AR7W-08 Note that the surface layer data also includes stations sampled by ring net from bottom to surface for the SPB, GBL1 and GBL2 lines.
( Table 3) . At AR7W-23 (not shown in Fig. 8 ) the Multinet tow was only to 1 000 m, however. If the vertical distribution of CVs had been the same at AR7W-24, then the total number here would have been higher by a factor of ~3. The average concentration of CVs over all stations (Tables 1 and 2 ), omitting AR7W-26, was ~14 000 m -2 .
The Newfoundland Shelf, Flemish Pass and Tail of the Grand Bank, autumn 2001. For the three stations across the Newfoundland Slope on the Bonavista Bay line (BB) the vertical distribution patterns were somewhat similar to those seen farther north on the western end of the AR7W section, in that the CV C. finmarchicus were deeper at the stations nearer the shelf (BB-11 and BB-12) than at the offshore station (BB-14), where the peak abundance was at 200-400 m (Fig. 9) . On the other hand, the abundance peak at BB-12 was shallower than at AR7W-08. Farther south in Flemish Pass and at SEGB-16 the CVs were somewhat deeper than at BB-11 and BB-12, but farther offshore at SEGB-17 there was a relatively large number of CV C. finmarchicus at 300-600 m, similar to the pattern at BB-14. Total water column concentrations of CVs at stations of ~1 000 m depth (BB-12, FC-17, SEB-16; 25 000-37 000 m -2 , Table  3 ) and at SEGB-17 (depth 2 500 m, 31 000 m -2 ) were amongst the highest seen in the study. there was evidence of a cold intermediate layer between 100 and 300 m (100-200 m at SEGB-17), but surface temperatures were higher at SEGB-17 due to the proximity of the western boundary of the Gulf Stream.
Slope waters west of the Tail of the Grand Bank (winter 2003).
In winter 2003, on the most easterly line sampled (GBL2), CVs were most concentrated at depths close to 1 000 m, although the vertical distributions were broad and there were some CVs in the surface layer ( Fig. 10) . At GBL2-4 CVs were abundant below 1 000 m, but this was the only station west of the Tail of the Grand Bank where this was observed. At GBL1 peak abundances were shallower than at GBL2, with CVs broadly distributed from the surface to 1 000 m at GBL1-3.5 and mostly above 400 m at GBL1-4. At both GBL1-3.5 and GBL1-4 there were appreciable numbers of CVs in the surface layer. At the SPB line there was a distinct difference between vertical distributions at the 1 000 and the ~3 000 m contours. At SPB08 CVs were most concentrated at the surface, whereas at SPB10 the peak was at 400-600 m (Fig. 10) . At the DEC17 stations, peak abundance was at 200-400 m, and there were appreciable numbers in the surface layer at DEC17-1. At stations of the Roseway and Halifax lines (RL and HL) peak abundance was at 400-600 m, and vertical distributions were narrower than farther east with few CVs in the surface layers. At BBL6 CVs showed a broad distribution peak between 400 and 800 m, while at BBL7 the peak concentration was at 200-400 m. Total water column concentrations were highest at GBL2-4 (24 000 m -2 ) and otherwise generally higher (average 5 500 m -2 )
to the east of the Laurentian Channel than to the west (average 2 500 m -2 ), with the exception of BBL6 (9 000 m -2 ) ( Table 3) .
Temperature and salinity profiles at GBL2-3 showed a cool fresh layer at much the same depth interval (50-300 m) as was observed at SEGB-16. At all of the stations from the GBL2 line to the ESS there were cool subsurface layers, with salinities fresher above this layer than beneath. The subsurface layer was coolest and deepest at SPB08 (reaching -0.9ºC at 100 m). Farther west there were no cool subsurface layers and temperatures and salinities were lowest near the surface, below which there were warm, salty layers between ~100 and 500 m.
Slope waters between St. Pierre Bank and Browns Bank (autumn 2003). Peak abundance of CV C. finmarchicus was at 400-600 m at most stations at both the 1 000 and 2 000 m isobaths between SPB and Browns Bank (Fig. 11) , which is north of the BBL stations shown in Fig. 2 . One exception was at the 1 000 m contour off the ESS (LL7), where the peak was at 200-400 m. A second was at the 1 000 m contour on the Roseway Line (RL), although here the peak abundance was over a range (300-500 m) that overlapped the 400-600 m interval sampled elsewhere. Total water column concentrations were highest off the WSS (BBL and RL) ranging between ~7 000 m -2 (RL6) and ~17 000 m -2 (RL5) ( Table  3) . Farther east total water column concentrations were higher at the 1 000 m contour (≥3 000 m -2 ) than farther offshore (≤2 000 m -2 ). Temperatures were generally maximal at the surface and at all stations, except HL7, there was a cool subsurface layer (generally 50-100 m), beneath which was a warm layer extending to ~600 m. Salinities were minimal at the surface and maximal in the subsurface warm layer. At HL7 the maximum temperature and minimum salinity were at the surface, with a gradual decline below the mixed layer (50 m) and slight interleaving of warmer and cooler layers between 50 and 100 m. (Fig. 12) . The highest total water column concentration (46 000 m -2 ) was at CSL4 and the lowest (4 000 m -2 ) at LCL4 (Table 3) . Temperature and salinity profiles from CSL4 into the Gulf of St Lawrence were similar. The surface water was warm and fresh; there was an underlying cool fresh layer (50-200 m) and warmer saltier water from 200 m to the bottom. The patterns at LCN and LCL4 were similar to the others, but were distinguished by having water of <0°C in their subsurface cool layers and at LCN the surface water was especially fresh (salinity <32 PSU). The concentration of CV C. finmarchicus in Emerald Basin was highest in the deepest layer (100-260 m), coincident with the highest temperatures and salinities (Figs. 7 and 12 ).
Concentrations of CV C. finmarchicus peaked at 400-600 m at most stations beyond the 2 000 m isobath (Fig. 12) . At LL9, however, the peak was at 200-400 m, while at GBL2-5 CVs were equally abundant from 400-1 000 m. For the latter station it is likely that the population extended below 1 000 m, as it did at GBL2-4, so that the total water column abundance was underestimated. Even so, the total concentration was much higher at GBL2-4 than at the other offshore stations to the west of the Tail of the Grand Bank (11 000 m -2 versus an average of 2 400 m -2 ).
All stations showed a surface mixed layer of relatively freshwater overlying warmer (GBL1-6, GBL2-5, GBL2-6) or cooler (LL-9, SPB12, GBL1-5) layers. Surface temperatures were highest in the west (RL7) and lower at stations closer to the shelf-break for a given line (e.g. GBL1-5 versus GBL1-6 and GBL2-5 versus GBL2-6). Maximum concentrations of CVs were generally associated with water that was relatively cool and relatively salty.
Ring net stations on the Newfoundland and Scotian Shelves and in the Cabot Strait region. During the autumn 2001 cruise to the Newfoundland Shelf and Grand Bank and the autumn 2003 cruise to the Scotian
Shelf and Cabot Strait, ring net tows were made as part of the Atlantic Zone Monitoring Programme (AZMP, Therriault et al., 1998) . Off Newfoundland, abundances of late stage (CIV-CVI) C. finmarchicus at a station inshore and to the north of the Grand Bank on the Flemish Cap Line (FC-06) and at another on Flemish Cap (FC-31) were >100 000 m -2 , the highest seen anywhere in this study, while at most stations deeper than 90 m on the Newfoundland Shelf abundances were >10 000 m -2 (Fig. 13, Tables 3 and 4) . On the Scotian Shelf, late stages were abundant (>10 000 m -2 ) on the Halifax Line between Emerald Basin and Halifax and at most stations of the Browns Bank Line. In Cabot Strait, late stages were very abundant (>25 000 m -2 ) at every station, except at the relatively shallow CSL1. Young stages (CI-CIII) of C. finmarchicus were generally less abundant than late stages in all regions (Fig.  13 , Table 4 ). The maximum abundance of young stages on the Newfoundland Shelf was 6 000 m -2 at FC-06, and while there were several stations with concentrations of 1 000-4 000 m -2 , there were also several with effectively no young stages. On the Scotian Shelf and in Cabot Strait, concentrations of young stages were 1 000-4 000 m -2 or less, except at BBL4 and BBL3, where they were much higher (108 000 and 7 000 m -2 , respectively). In winter 2003, ring net tows were made at two stations near the shelf-break on each of the SPB, GBL1 and GBL2 lines. Abundances of late stage C. finmarchicus for these stations were 5 000-17 000 m -2 (Fig. 5, Table 4 ), except at SPB5A where there were only ~400 m -2 . Young stage C. finmarchicus were abundant at the ring net stations of the GBL2 line, but not elsewhere (Fig. 6, Table 4 ).
Discussion
In this study we have shown substantial variations in autumn/winter vertical depth distributions of C. finmarchicus over a large geographic area of the Northwest Atlantic. The mean depth distribution of C. finmarchicus was shallowest in Emerald Basin (100-270 m), in Cabot Strait (100-300 m) and off the Eastern Scotian Shelf (200-400 m), while animals were generally found deepest in waters off the Western Scotian Shelf (400-950 m), Eastern and Southern Newfoundland (400-1 500 m) and west of Greenland (600-2 000 m). There was considerable variability in the mean depth of C. finmarchicus in the Labrador Sea, with animals generally being found at greater depths near the continental shelves than in the central basin.
Interpreting spatial patterns of C. finmarchicus areal abundance
In autumn, late stage C. finmarchicus were most abundant in the subsurface layers at stations in the slope waters east of the Tail of the Grand Bank, off the WSS and in the CSR (Fig. 4, Table 3 ). These high concentrations probably reflected production in the regions from which these individuals originated, which the circulation indicates would be the Newfoundland Shelf, the Scotian Shelf and the Gulf of St. Lawrence, respectively (Fig. 1) . In winter, subsurface late stage abundances were high at all stations of the AR7W transect across the Labrador Sea, in the slope waters of the GBL2 line and in Emerald Basin (Fig. 5, Table 2 ). For the Labrador Sea, the abundance of C. finmarchicus probably reflected production within the region, although the slope waters may be the areas of highest production with subsequent trans-port to the central Labrador Sea , and there could have been input to eastern regions from the Irminger Sea. For the southwest Grand Bank (GBL2) the high levels probably resulted from advection around the Tail of the Grand Bank (cf. Figs. 9 and 10 ). For Emerald Basin, the levels likely reflected the production of the ESS, including advective input from the CSR and Gulf of St. Lawrence.
Abundances of C. finmarchicus overwintering in the Labrador Sea (9 000-20 000 m -2 ) were similar to those reported for the Irminger Basin (7 000-30 000 m -2 ; Gislason and Astthorsson 2000) and for the northern Norwegian Sea (4 000-37 000 m -2 ; Dale et al., 1999) . They were lower, however, than those reported for the FaroeShetland Channel (35 000-50 000 m -2 ; Heath et al., 2000) and for some retentive areas southwest of Tromsøflaket off northern Norway (up to 150 000 m -2 ; Halvorsen et al., 2003) . The abundances of C. finmarchicus in the slope waters of the WSS (Table 3 , RL and BBL, 4 000-21 000 m -2 ) were similar to those reported by Miller et al. (1991) for the slope waters downstream off Georges Bank (5 000-10 000 m -2 ). The high concentrations in the central Labrador Sea are consistent with the idea that this area is a distribution centre for C. finmarchicus for the NW Atlantic (sensu Wiebe, 2001) . By contrast, the low concentrations (<4 000 m -2 ) of late stage C. finmarchicus beyond the 2 000 m isobath west of the Tail of the Grand Bank (Fig. 12, Table 3 ) do not support the idea (Wiebe, 2001 ) that the central Slope Water gyre is an important overwintering area.
Late stage (CIV-VI) C. finmarchicus were abundant in the surface layers in the CSR in Multi-net tows, and there were also >1 000 m -2 young stages (CI-III) at CSL4 and LH2, and in the ring net tows (bottom to surface tows) at all Cabot Strait Line stations. Plourde and Runge (1993) in autumn at five stations on the Newfoundland Shelf, at four CSR stations, at seven Scotian Shelf stations, and at the two stations off the WSS, and in winter at the station off the ESS in and at the SEGB stations . Although young stages were very abundant (>100 000 m -2 ) at BBL4 in autumn, chlorophyll concentrations were not especially high there (maximum 1.25 mg m -3 ). The young stage copepodites that we observed would have derived from eggs laid 2-3 weeks previously. Thus, our observations of chlorophyll concentrations in situ do not allow us to determine whether there is some threshold of phytoplankton concentration needed to induce reproduction and the development through the naupliar stages, although it is likely that this is the case.
Our results suggest that in parts of our study area the production cycles for C. finmarchicus may extend later in the year than is seen elsewhere. In fact, at Stn. 27 (46º 33' N 52º 35' W), a station on the inner Newfoundland Shelf that is sampled monthly as part of the AZMP programme (Therriault et al., 1998) , appreciable concentrations (>5 000 m -2 ) of young stage (CI-III) C. finmarchicus have been seen at least once in every month of the year except March and April over seven years of sampling (1999) (2000) (2001) (2002) (2003) (2004) (2005) , suggesting that the population as a whole is only inactive for a rather short period of the year (Pepin et al., MS 2006) . Numbers of young stages found in the CSR on autumn AZMP cruises are variable (500-30 000 m -2 , 1998-2005, E. Head, unpublished data), suggesting that there the production season sometimes extends until October. Female C. finmarchicus are actively laying eggs in the CSR in April , suggesting that here too the period of dormancy is sometimes short. Durbin et al. (1997) found late autumn-early winter recruitment of C. finmarchicus on Georges Bank, but concluded it was due to early arousal from overwintering, rather than prolonged spring/summer production. It is unclear whether our observations on the WSS represent production by individuals that awoke early or by a portion of the population that never entered dormancy. A detailed discussion of the variations in seasonal cycles of C. finmarchicus in different regions of the NW Atlantic and how they vary from year to year is beyond the scope of this paper, but it is clear that the persistence of C. finmarchicus on the Newfoundland Shelf into the autumn and winter, which occurs every year, will influence its distribution in the slope waters downstream. Advection from the shelf can be of late stages (e.g. at the GBL or SPB lines) or young stages, the latter being produced when near-surface, perhaps semi-dormant, late stage C. finmarchicus respond to autumn/winter phytoplankton blooms, or a portion of the population may rely more heavily on omnivory during periods of limited primary production.
Inferring inter-regional connectivity from vertical distributions of CV, hydrography and circulation
For the purposes of this discussion, we will assume that we have an effectively synoptic determination of the vertical distribution of CV C. finmarchicus and hydrography throughout the sampling region. This is a reasonable assumption because adjacent areas sampled at different times showed limited variability (e.g. Scotian Shelf sampled in October and December). The Labrador and Newfoundland slope waters had very similar TS properties below 200 m, which is where most of the CV C. finmarchicus were found (Figs. 7-9 ). The more inshore stations (e.g. AR7W-08, BB-11, BB-12) showed a greater influence of relatively cool, fresh shelf water at the surface than stations farther offshore (AR7W-10, BB-14) and concentrations of CVs were higher closer to the shelf, suggesting that the shelf could be a source to the slope waters (Figs. 8 and 9 , Table 3 ). Nevertheless, surface concentrations were low and the number of late stage C. finmarchicus on the shelf on the BB line was low in November (Fig. 13) , so that at this time the main flow of CVs would have been along the slope and not from the shelf to the offshore.
The TS properties below 300 m in Flemish Pass and off the SE Grand Bank were similar to those farther north on the BB and AR7W lines (Figs. 7-9 ), but off the SE Grand Bank (SEGB16) there was a cool fresh layer (ca 100-300 m), with TS properties characteristic of the shallow Labrador Slope water that can sometimes penetrate along the slope to the Scotian Shelf (e.g. Greene et al., 2003) . This layer was not seen farther upstream because the sampling stations were too far offshore, but it was seen on the SW Grand Bank line (GBL2-3) in December 2003 (Fig. 10) , although not farther downstream at the GBL1 line. It was unimportant in the transport of CV C. finmarchicus, which were not abundant in this layer. The TS properties and vertical distribution of CVs were both consistent with transport of overwintering C. finmarchicus from the Newfoundland slope waters to the SE Grand Bank and around the Tail of the Grand Bank to the GB2 line. Downstream at the GBL1 line, however, there were relatively high levels of CVs in the near surface layers, which were probably derived from the adjacent shallower waters (Fig. 5, Tables 2 and 4 ). According to a particle tracking study (Luo et al., 2006) , these shallow shelf-edge individuals could have been transported here from the outer shelf on the Flemish Cap line and western Flemish Pass, where concentrations were quite high (Fig. 13, Table 4 ). Individuals arriving in the surface layers of the slope waters probably migrate down as they leave the shelf, so that any flow of organisms from the GBL2 stations at depth is likely to be augmented by the shelf contribution at GBL1.
It is possible that there is input to the offshore SPB stations from upstream at GBL1 (cf. Figs. 10-12) . At station SPB08, however, there were large numbers of CVs in the surface layer, in association with a subsurface layer of very cold fresh water that extended to ca 200 m (Fig. 10 ) that was most likely derived from Haddock Channel, which runs north-south off the shelf to the east of SPB. The particle tracking study of Luo et al. (2006) suggests that the likely source to Haddock Channel is the inshore branch of the Labrador Current, i.e. the western end of the Flemish Cap line. This latter area had high CV abundance levels (Fig. 13, Table 4 ) and was the likely source to SPB08. Farther offshore at SPB10, at the 2 900 m isobath, there was little sign of this surface population. West of SPB the flow along the slope diverges with some entering the Laurentian Channel and some continuing southwest. It is possible that this was the source of the very cold water seen at stations in Laurentian Channel offshore from Cabot Strait (LCN and LCL4) in autumn 2003 (Fig. 12) , although at both stations the Calanus populations probably derive mainly from the CSR. This is concluded not only because C. finmarchicus were more abundant at these stations relative to SPB08 in winter and SPB09 in autumn (Figs. 10 and 11, Table 3 ), but more obviously because Calanus hyperboreus, which are abundant in the Gulf of St. Lawrence, were as numerous as C. finmarchicus at all of the CSR stations, including these two, whereas they were ten times less abundant than C. finmarchicus at stations off SPB (E. Head, unpublished data).
Calanus finmarichicus found off the Eastern Scotian Shelf (LL line) probably represent a mixture of animals coming along the slope from southern Newfoundland, and from the Gulf of St. Lawrence through Cabot Strait. Stage CV C. finmarchicus at stations in the CSR in autumn 2003 were most concentrated above 300 m (Fig. 12) , which was consistent with this being a source to the 0-400 m layer at LL7 off the ESS (Fig. 11) . The TS properties are also consistent with this view, as was the observation that C. hyperboreus were nearly as abundant as C. finmarchicus. The relatively low numbers of CV C. finmarchicus below 400 m at LL7 could, however, have been derived from the slope water current, i.e. from off SPB. At the 2 000 m isobath (LL8), there was no sign of the shallow CSR population, six times fewer C. hyperboreus than C. finmarchicus and the CVs were at the same depth as those at SPB09 (Fig. 11 ). Yet farther offshore, at LL9, the CVs were shallow again, and C. hyperboreus were three times less abundant than C. finmarchicus (Fig. 12) . To the west of the LL line, at the DEC17 stations, CV C. finmarchicus were again relatively shallow, consistent with their being derived from the CSR, but C. hyperboreus were 4-7 times less abundant than C. finmarchicus. Farther downstream at SIB06, C. hyperboreus were 10 times less abundant than C. finmarchicus and the CVs were at the same depth as at SPB09 (Fig. 11) . Off the central and western Scotian Shelf CV C. finmarchicus were generally below 400 m . At HL6 in winter C. hyperboreus were half as abundant as C. finmarchicus, and on and west of the central Scotian Shelf they were 5-20 times less abundant.
The TS properties of the slope waters in which the CVs were found west of SIB06 were generally a little warmer than those between the GBL2 and DEC-17 lines, due to a greater contribution of warm water from the south, and this is consistent with the relative levels of the two Calanus species and the diminishing influence of the outflow from the CSR. This interpretation is also consistent with the accepted circulation pattern (Fig. 1) , which indicates flow is generally from northeast to southwest. Reversals in direction of this flow have been observed in records collected by current meters deployed off the central Scotian Shelf, however. These reversals are thought to be associated with the presence of meso-scale anti-cyclonic eddies, which can impinge on the shelf-break. In fact, the direction of flow between July and November 2003 near HL6 was apparently from southwest to northeast (J.W. Loder, unpublished data) and interestingly, high abundances of C. finmarchicus off the WSS decreased (RL5, RL6, BBL7), while the low abundance of C. finmarchicus at HL7 increased, between October and December (Table 3) . Whether the change in flow direction was responsible for the changes in abundance cannot be proven, but the fact that reversals can occur suggests that C. finmarchicus can sometimes be transported from southwest to northeast.
A high degree of inter-regional connectivity was implied for C. finmarchicus populations in the NW Atlantic by the coupled physical-biological model of Speirs et al. (2006) , such that inoculating a small area of the sub-polar gyre (centred at ~55º N 50º W) with C. finmarchicus led to dispersal of individuals throughout the sub-polar and Slope Water gyres over six years. Our observations do not contradict this result, but they suggest that the data and assumptions used in the model may have been inadequate. Firstly, it was assumed that C. finmarchicus populations are dormant in autumn and winter, which is apparently not the case everywhere in the NW Atlantic, and which could certainly influence model results in some areas. Secondly, no data on overwintering depth distributions for C. finmarchicus in the slope waters off the Newfoundland and Scotian shelves were used, which could affect the modelled degrees of retention within the sub-polar or Slope Water gyres. It will be interesting to see how this and any other models respond to these new data inputs.
Variations in vertical distribution of overwintering C. finmarchicus in different regions: can they be explained?
In our observations, overwintering C. finmarchicus were found in the slope waters over a range of TS conditions. The highest concentrations of overwintering CV C. finmarchicus (>100 m -3 ) were found in waters of low (~3ºC, Newfoundland slope), intermediate (~5ºC, Cabot Strait) and high (~9ºC, Emerald Basin) temperatures at depths of 400-600, 200-300 and 100-260 m, respectively (Figs. 7-12 ). High concentrations were also associated with temperatures of <2ºC (100-200 m) in Cabot Strait, although when sampling depth intervals were chosen to isolate the cold intermediate layer in October 2006, it was found to have 5-10 times fewer C. finmarchicus than the layers above and beneath it (E. Head, unpublished data) , so that the occurrence of high overwintering concentrations at very low temperatures in 2003 was probably apparent, rather than real. Whether the populations overwintering at relatively high temperatures suffer high mortality because of high metabolic costs or losses to predators is not clear, but populations in both Emerald Basin and Cabot Strait would likely be subject to heavy predation by fish and invertebrates (see below).
Several suggestions have been made as to why C. finmarchicus overwinter at particular depths in different areas, but none of them can readily explain the differences seen throughout our NW Atlantic sampling area. One suggestion is that C. finmarchicus migrate to a depth with a fixed daytime light intensity (Miller et al., 1991) . In such a scenario overwintering individuals should be deepest at the most southerly latitudes. In our study, however, where bottom depths were not limiting, there was no relationship between overwintering depth and latitude; the deepest overwintering population was in fact at one of the most northerly stations, in the Greenland Slope waters at >60º N (AR7W-24).
Another suggestion is that overwintering depths are selected to avoid predators (Kaartvedt, 1996) . Dale et al. (1999) reported that in the Norwegian Sea C. finmarchicus were distributed deepest in areas where Atlantic water was dominant and shallower in Arctic waters and they attributed this to differences in the abundance of mesopelagic fish in the water masses. In the Labrador Sea, the distribution pattern was somewhat similar to that in the Norwegian Sea, in that individuals were deepest in the waters having the highest Atlantic water contribution (i.e. the Greenland Slope) and shallower farther west, where the Arctic water influence was greater (as indicated by the lower salinities). On the other hand, Dale et al. (1999) sampled only to 1 000 m, which seems to have included the bulk of the C. finmarchicus population, while in the Greenland Slope waters the depth distribution was substantially deeper, as was also the case in the Irminger Basin (Gislason and Astthorsson, 2000) . The dominant mesopelagic fish species, the myctophid Benthosema glaciale, is confined to the upper 1 000 m in the northern Labrador Sea (Sameoto, 1989) , so that C. finmarchicus in the Greenland Slope waters seem to be migrating to excessive depths, if they are trying to avoid mesopelagic fish predation. Sameoto (1989) also observed that the daytime peak in the vertical distribution of the B. glaciale in the northern Labrador Sea/Baffin Bay in August 1983 was at 400-600 m, coincident with one of the highest concentrations (~100 m -3 ) of overwintering C. finmarchicus seen in this study, in the Newfoundland slope waters (BB-12, Fig. 9 ). Recent observations in the western Labrador Sea have shown that the mean depth at which C. finmarichus overwinters corresponds closely to the depth of the deep scattering layer determined in June-September 2006, which consisted principally of B. glaciale (P. Pepin, unpublished data) and that late stage C. finmarchicus and C. glacialis were in fact numerically the most important prey item found in B. glaciale stomachs (P. Pepin, unpublished data). Mesopelagic fish are not the only potential predators of C. finmarchicus overwintering in the Labrador Sea, however. Sameoto (1987) reported that chaetognaths are major predators on copepods in the northern Labrador Sea and Baffin Bay and that in summer substantial levels of chaetognath biomass extend to depths of 1 000 m. In addition, we have observed large decapods in deep tows in the Labrador Sea, at concentrations such that their biomass sometimes exceeds that of the copepods in some depth intervals (E. Head, personal observation). Farther south, in the relatively shallow waters of Cabot Strait, overwintering C. finmarchicus were most abundant in the 200-300 m interval and not very abundant in the near-bottom layers. This might relate to predator avoidance, since some near-bottom living fish species (e.g. redfish) are quite abundant there (data from the Marine Fish Division Virtual Data Centre (MFDVDC) held at the Bedford Institute of Oceanography). In Emerald Basin silver hake are abundant (MFDVDC) and C. finmarchicus concentrations are lower near the bottom than at slightly shallower depths (Sameoto et al., 1994) . In both areas the carnivorous euphausiid Meganyctiphanes norvegica is also abundant in the near-bottom layer during the daytime (Sameoto et al., 1994; E. Head, personal observation) . Overall, we cannot say whether predator avoidance is a major determinant of C. finmarchicus overwintering depth distribution. Heath and Jónasdóttir (1999) investigated the vertical distribution of C. finmarchicus in the Faroe-Shetland channel and found that the overwintering population was associated with the Arctic water near the bottom of the channel, and that these individuals had a high fat content relative to those overwintering in nearby waters. Visser and Jónasdóttir (1999) showed in a modelling study that the fat body inside overwintering C. finmarchicus varies in density with pressure (i.e. depth) and temperature, such as to change the overall density of the animal, so that individuals with different fat content may be neutrally buoyant at different depths, with salinity also having an influence via its effect on water density. Assuming that overwintering C. finmarchicus are neutrally buoyant, Heath et al. (2004) developed this idea to calculate the implied fat content for C. finmarchicus overwintering in several regions of the North Atlantic: this analysis included the Labrador Sea data presented here. When we calculated the implied fat content of overwintering C. finmarchicus in the Labrador Sea, we found that below 200 m it was, in fact, essentially constant with depth and over all stations (±2%), because fat density is more dependent on temperature than on pressure, and temperatures varied very little, and because salinities were also relatively constant (Fig. 7) . Thus, in the Labrador Sea differences in fat content and density are not likely to be responsible for variations in the vertical distribution of overwintering C. finmarchicus. Visser and Jónasdóttir (1999) suggested that C. finmarchicus should become positively buoyant as they start to leave their over wintering depths to return to the surface, which would enable them to conserve energy reserves during their ascent. In several of the areas where we sampled, however, C. finmarchicus leaving their overwintering depths will encounter water that is both cooler and fresher as they ascend so that their fat bodies will become denser and they will become negatively buoyant and will have to swim up actively. Backhaus et al. (2003) suggested that overwintering copepods might save energy during ascent by being brought to the surface during deep water column convection in late winter. For this to be effective he suggested that overwintering should be at depths near to, but below, the depth of convection (J. O. Backhaus, Pers. Comm.). Irigoien (2004) also suggested that overwintering should occur below the depth of convection. He hypothesised that overwintering depth selection is a heritable trait that is related to lipid content and its effect on buoyancy and that individuals that do not overwinter below the depth of winter convection will not survive and will be selected against genetically. The behaviour of the Labrador Sea C. finmarchicus population does not support these hypotheses: the western/central Labrador Sea is one of the world's deep convection areas with convection depths generally reaching 1 000 m, but in central and western regions C. finmarchicus overwinter at depths of <1 000 m, and large numbers of overwintered individuals apparently survive through to the spring .
Conclusions
Our observations of the vertical distribution and abundance of C. finmarchicus and of hydrography in the slope waters of the NW Atlantic are consistent with the accepted pattern of circulation and connectivity of overwintering C. finmarchicus populations between adjacent regions. Transport around the Tail of the Grand Bank seems to be limited, with most of the southwesterly flow along the SE Grand Bank being deflected to join the northeasterly flowing North Atlantic Current, and there is flow into and out from the Laurentian Channel, so that the system is clearly not a simple continuum. One novel and confounding finding is that C. finmarchicus on the Newfoundland Shelf, in the Cabot Strait region and in some areas of the Scotian Shelf may have prolonged production seasons, so that the slope water populations can receive important inputs from these sources in autumn and winter. These probable effects of local secondary production are unlikely to have been included in current coupled transport/population dynamics models. As well, we note that there are periodic reversals of the southwesterly flow along the Scotian Shelf, which could cause northwesterly transport of C. finmarchicus from western to central regions, contrary to the expected direction of flow. Finally, our results suggest that the vertical distribution of overwintering C. finmarchicus is not constrained in extent by temperature or salinity in the NW Atlantic and we have found no one explanation that can account for the broad range of overwintering depths observed in this study.
